Introduction {#acn3421-sec-0005}
============

14‐3‐3 proteins comprise a family of seven highly conserved proteins in mammals involved in cellular functions important to neuronal function, including protein folding, protein trafficking, neurite growth, and cell survival.[1](#acn3421-bib-0001){ref-type="ref"}, [2](#acn3421-bib-0002){ref-type="ref"}, [3](#acn3421-bib-0003){ref-type="ref"}, [4](#acn3421-bib-0004){ref-type="ref"}, [5](#acn3421-bib-0005){ref-type="ref"}, [6](#acn3421-bib-0006){ref-type="ref"} 14‐3‐3s have been linked to neurodegeneration. Several proteins implicated in Parkinson\'s disease (PD), including alpha‐synuclein (*α*syn), leucine‐rich repeat kinase 2 (LRRK2), and parkin, interact with 14‐3‐3s[7](#acn3421-bib-0007){ref-type="ref"}, [8](#acn3421-bib-0008){ref-type="ref"}, [9](#acn3421-bib-0009){ref-type="ref"}, [10](#acn3421-bib-0010){ref-type="ref"}, [11](#acn3421-bib-0011){ref-type="ref"}, and 14‐3‐3s colocalizes with *α*syn in Lewy bodies, the primary pathological hallmark of PD.[12](#acn3421-bib-0012){ref-type="ref"}, [13](#acn3421-bib-0013){ref-type="ref"} Expression of several 14‐3‐3 isoforms is reduced in *α*syn models.[14](#acn3421-bib-0014){ref-type="ref"}, [15](#acn3421-bib-0015){ref-type="ref"} We have shown that 14‐3‐3 overexpression, particularly 14‐3‐3*θ*, is protective in neurotoxin, *α*syn, and LRRK2 models of PD, while 14‐3‐3 inhibition promotes toxicity in these models.[5](#acn3421-bib-0005){ref-type="ref"}, [15](#acn3421-bib-0015){ref-type="ref"}, [16](#acn3421-bib-0016){ref-type="ref"}, [17](#acn3421-bib-0017){ref-type="ref"} 14‐3‐3s also interact with proteins implicated in other neurodegenerative disorders, including beta‐amyloid (A*β*), tau, superoxide dismutase, and huntingtin.[18](#acn3421-bib-0018){ref-type="ref"}, [19](#acn3421-bib-0019){ref-type="ref"}, [20](#acn3421-bib-0020){ref-type="ref"}, [21](#acn3421-bib-0021){ref-type="ref"}, [22](#acn3421-bib-0022){ref-type="ref"} 14‐3‐3s colocalize with these aggregation‐prone proteins in neurofibrillary tangles and plaques of Alzheimer\'s disease (AD), Huntington\'s disease (HD) inclusion bodies, and inclusions observed in amyotrophic lateral sclerosis (ALS).[20](#acn3421-bib-0020){ref-type="ref"}, [23](#acn3421-bib-0023){ref-type="ref"}, [24](#acn3421-bib-0024){ref-type="ref"}, [25](#acn3421-bib-0025){ref-type="ref"}

Phosphorylation of 14‐3‐3s is a well‐recognized mechanism for regulating 14‐3‐3 function. There are three conserved phosphorylation sites on 14‐3‐3s: serine 58 (S58), serine 185 (S185), and serine/threonine 232 (S232). Not all isoforms have all three phosphorylation sites. S58 is present in all isoforms except 14‐3‐3*σ* and *θ*; S185 is present in 14‐3‐3*β*,*ε*,*σ*, and *ζ*; and S/T232 is limited to 14‐3‐3*θ* and *ζ*. Phosphorylation at S58 regulates 14‐3‐3 dimerization,[26](#acn3421-bib-0026){ref-type="ref"} while phosphorylation at S185 regulates ligand binding.[27](#acn3421-bib-0027){ref-type="ref"}, [28](#acn3421-bib-0028){ref-type="ref"} Phosphorylation at either site causes release of proapoptotic factors and cell death.[27](#acn3421-bib-0027){ref-type="ref"}, [28](#acn3421-bib-0028){ref-type="ref"}, [29](#acn3421-bib-0029){ref-type="ref"} Phosphorylation at S232 likely impacts ligand binding as the C‐terminal tail can fold back to block the binding pocket.[30](#acn3421-bib-0030){ref-type="ref"} We observed alterations in 14‐3‐3 phosphorylation in several PD models.[31](#acn3421-bib-0031){ref-type="ref"} S232 phosphorylation of 14‐3‐3*θ* increased in rotenone‐treated neuroblastoma cells and in cells overexpressing *α*syn.[31](#acn3421-bib-0031){ref-type="ref"} S58 phosphorylation was also increased in the rotenone model.[31](#acn3421-bib-0031){ref-type="ref"} Mutation of S232 affected 14‐3‐3*θ*\'s neuroprotective effects against rotenone and 1‐methyl‐4‐phenylpyridinium (MPP^+^), with the phosphomimetic S232D mutant lacking any protective effect compared to wildtype or S232A 14‐3‐3*θ*.[31](#acn3421-bib-0031){ref-type="ref"} The phosphomimetic S58D also reduced the protective effect of 14‐3‐3*ζ* against neurotoxins.[31](#acn3421-bib-0031){ref-type="ref"} These mutational studies suggest that phosphorylation at S58 and S232 may promote neurodegeneration in PD.

In this study, we examined 14‐3‐3 phosphorylation in human PD and other neurodegenerative disorders. We surveyed Triton X‐100 soluble and insoluble fractions of postmortem temporal cortices of control, PD, AD, Alzheimer\'s with Lewy Bodies (ADLB), Dementia with Lewy Bodies (DLB), and Progressive Supranuclear Palsy (PSP) subjects for 14‐3‐3 phosphorylation at all three sites. We also surveyed total 14‐3‐3 expression levels. We found evidence for enhanced phosphorylation and reduced solubility of 14‐3‐3 proteins in these disorders, and associations between these changes and clinical and pathological severity.

Experimental Procedures {#acn3421-sec-0006}
=======================

Materials {#acn3421-sec-0007}
---------

Primary antibodies included rabbit polyclonal antibody against pan 14‐3‐3 isoforms (Abcam \#ab6081, Cambridge, MA), mouse monoclonal antibody against pan 14‐3‐3 isoforms (Santa Cruz \#sc‐1657, Dallas, TX), mouse monoclonal antibody against 14‐3‐3*θ* (Abcam \#ab10439), rabbit polyclonal antibody against phospho‐S58 (pS58) 14‐3‐3 (Abcam \#ab51109), rabbit polyclonal antibody against phospho‐S232 (pS232) 14‐3‐3*θ* (Abcam \#ab63369), sheep polyclonal antibody against phospho‐S185 (pS185) 14‐3‐3 (ENZO Life Science \#SA‐479, Farmingdale, NY), and rabbit monoclonal antibody against phospho‐S129 *α*syn (Abcam \#ab168381). Horseradish peroxidase‐conjugated secondary antibodies were goat anti‐rabbit and goat anti‐sheep (Jackson Immunoresearch, West Grove, PA). Fluorescent‐conjugated secondary antibodies used were IRDye 800CW donkey anti‐rabbit and IRDye 680RD donkey anti‐mouse (LI‐COR Biotechnology, Lincoln, NE).

Human brain sample preparation {#acn3421-sec-0008}
------------------------------

Fresh‐frozen tissue from temporal cortices of age and gender‐matched control, PD, AD, ADLB, DLB, and PSP brains were obtained from Banner Sun Health Research Institute Brain and Body Donation Program. Samples were homogenized in lysis buffer (50 mmol/L Tris‐HCl pH 7.4, 175 mmol/L NaCl, 5 mmol/L EDTA) supplemented with protease and phosphatase inhibitors and sonicated for 10 sec on ice. After addition of Triton X‐100 to a final concentration of 1% v/v, samples were incubated on ice for 30 min and centrifuged at 15,000xg for 60 min at 4°C. The supernatant was saved as the Triton X‐100 soluble fraction. The pellet was resuspended in lysis buffer with 2% SDS, sonicated for 10 sec, and centrifuged for 5 min at 15,000*g*. The resulting supernatant was reserved as the Triton X‐100 insoluble fraction.

Western blotting {#acn3421-sec-0009}
----------------

Human brain lysates were separated on 26‐well precast 12% SDS‐PAGE gels with at least four samples from each disease group per gel. Several replicate gels were run simultaneously to assess the three phosphorylation sites and total 14‐3‐3 levels by western blot. Total protein loaded was visualized using EZBlue Protein Gel Stain (Sigma, St. Louis, MO). Proteins were transferred to PVDF membranes and blocked in a solution of 1:1 Odyssey blocking buffer in TBS‐T (25 mmol/L Tris‐HCl (pH 7.6), 137 mmol/L NaCl, 0.1% Tween 20) for 1 h. Membranes were incubated in primary antibodies in blocking buffer for a minimum of 4 h at 4°C followed by washes in TBS‐T. Secondary antibodies were applied to the membranes in blocking buffer for one hour and washed 4 × 10 min in TBS‐T. Pan 14‐3‐3, pS58, and pS185 were imaged using horseradish peroxidase‐conjugated secondary antibodies and Pierce ECL Western blotting substrate (Thermo Fisher) and exposed to film. Total 14‐3‐3*θ* and pS232 were imaged using fluorescent secondary antibodies on a LICOR Odyssey Imaging system.

Immunohistochemistry {#acn3421-sec-0010}
--------------------

Forty micrometer free‐floating sections from the temporal cortex of control brains and brains with pathological diagnoses of PD and AD were obtained from Banner Sun Health Research Institute Brain and Body Donation Program. Sections were washed in PBS with Triton ×‐100 (PBS‐Tx 0.025%) and incubated with 1% H2O2 in PBS‐Tx for 30 min to suppress endogenous peroxidase. After three washes in PBS‐Tx, sections were blocked in 10% normal goat serum in PBS‐Tx and incubated in primary antibody in PBS‐Tx overnight. Sections were washed three times in PBS‐Tx and incubated in horseradish peroxidase‐conjugated secondary antibodies diluted in PBS‐Tx. Sections were washed in PBS‐Tx twice and then in Tris solution prior to reaction in DAB solution for about 45 sec. Sections were subsequently stained with 0.1% cresyl violet solution.

A*β* ELISA {#acn3421-sec-0011}
----------

A*β* levels in human brain lysates were measured using an ELISA for A*β*42 (EMD Millipore \#EZBRAIN42, Billerica, MA), according to manufacturer\'s instructions.

Data analysis {#acn3421-sec-0012}
-------------

Western blots exposed to film were scanned and analyzed using Un‐Scan‐It 6.1 gel analysis software, and images obtained from the LICOR imaging system were analyzed using Image Studio Lite 4.0. PS58 and pS185 were normalized to pan 14‐3‐3 levels, while pS232 was normalized to total 14‐3‐3*θ*. While 14‐3‐3*ζ* can be phosphorylated at the homologous T233, the pS232 antibody was specific to the 14‐3‐3*θ* isoform, as we previously demonstrated.[31](#acn3421-bib-0031){ref-type="ref"} Total 14‐3‐3*θ* and pan 14‐3‐3 levels were normalized to total protein loading as determined by EZBlue Protein Gel staining. Values were normalized to the average of the control values for each blot.

Descriptive statistics were computed, and normality and outlier tests were performed for biochemical measures. Analysis of variance (ANOVA) was used to examine differences in 14‐3‐3 phosphorylation ratios across groups. Dunnett\'s multiple comparison test was used for post hoc analyses to identify which groups differed from control. Stepwise linear regression models were fitted for each 14‐3‐3 measure to assess differences among groups after adjusting for possible confounders, including gender, age, last Mini Mental Status Examination (MMSE) score, motor United Parkinson\'s Disease Rating Scale (UPDRS) score, and pathological measures (plaque density scores, tangle density scores, and Lewy‐related histopathology scores). Nominal *P*‐values of 0.05 were used in these confirmatory analyses with no multiple comparisons adjustments. All analyses were conducted using SAS software (Version 9.4, SAS Institute).

Results {#acn3421-sec-0013}
=======

14‐3‐3*θ* phosphorylation at serine 232 is altered in neurodegenerative disorders associated with Lewy body or Alzheimer pathology {#acn3421-sec-0014}
----------------------------------------------------------------------------------------------------------------------------------

Western blots were performed on Triton X‐100 soluble and insoluble fractions of postmortem human temporal cortex samples from control, PD, AD, ADLB, DLB, and PSP subjects to test for changes in 14‐3‐3 phosphorylation at S58, S185, and S232 (Figs. [1](#acn3421-fig-0001){ref-type="fig"}, [S1](#acn3421-sup-0001){ref-type="supplementary-material"}). Table [1](#acn3421-tbl-0001){ref-type="table-wrap"} provides descriptive statistics of the sample populations. The most dramatic changes were observed in S232 phosphorylation of 14‐3‐3*θ* (Fig. [1](#acn3421-fig-0001){ref-type="fig"}A). S/T232 is present in 14‐3‐3*θ* and *ζ*, but the antibody used here is specific to S232 phosphorylation of 14‐3‐3*θ*, as we previously showed.[31](#acn3421-bib-0031){ref-type="ref"} The Triton X‐100 soluble fraction showed significant reduction in pS232 levels in AD (44%), ADLB (28%), and DLB (34%), with a nonsignificant decrease in pS232 phosphorylation in PD of 16% (*P* = 0.099) (Fig. [1](#acn3421-fig-0001){ref-type="fig"}A). Conversely, the Triton X‐100 insoluble fraction showed a significant increase in S232 phosphorylation in PD (37%), AD (43%), and DLB (42%) (Fig. [1](#acn3421-fig-0001){ref-type="fig"}A).

![Serine 232 phosphorylation of 14‐3‐3*θ* is altered in several neurodegenerative disorders. (A) S232 phosphorylation was decreased in the soluble fraction in AD,ADLB, and DLB brains, but increased in the insoluble fraction in PD,AD, and DLB brains. Lysates of human temporal cortices were fractionated in Triton X‐100 soluble and insoluble fractions and then analyzed for pS232 and total 14‐3‐3*θ* by western blot. The ratio of pS232 to total 14‐3‐3*θ* is quantified for 25 samples per group. (B) S58 phosphorylation was increased only in the soluble fraction in DLB samples. The ratio of pS58 to pan 14‐3‐3s is quantified for 25 samples per group. n.s.(nonsignificant). (C) S185 phosphorylation was significantly increased in the DLB group in the Triton X‐100 soluble fraction, and increased in the insoluble fraction in the ADLB group. The ratio of pS185 to pan 14‐3‐3s is quantified for 25 samples per group. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001 compared to control (Dunnett\'s post hoc multiple comparison test).](ACN3-4-466-g001){#acn3421-fig-0001}

###### 

Mean and range of demographic and clinical characteristics of participants from whom brain samples were obtained

  -------------------------------------------------------------------------------------------------------------------------------
  Characteristic     Control (*n* = 25)   PD (*n* = 25)    AD (*n* = 25)   ADLB (*n* = 25)    DLB (*n* = 25)    PSP (*n* = 25)
  ------------------ -------------------- ---------------- --------------- ------------------ ----------------- -----------------
  No. male (%)       15 (60%)             17 (68%)         10 (40%)        12 (48%)           14 (56%)          15 (60%)

  Age                81 (53--99)          81 (69--91)      82 (60--96)     83 (64--97)        76 (61--87)       84 (69--99)

  Last MMSE score    28 (25--30)\         21 (8--29)\      12 (1--25)\     13 (1--25)\        13 (1--27)\       23 (10--30)\
                     *n* = 14             *n* = 19         *n* = 21        *n* = 20           *n* = 19          *n* = 19

  UPDRS score, off   10.6 (3--18)\        53.6 (17--78)\   14.7 (5--51)\   30.5 (4--58.50)\   50.0 (5.5--79)\   34.9 (3--74.5)\
                     *n* = 13             *n* = 13         *n* = 7         *n* = 6            *n* = 7           *n* = 20
  -------------------------------------------------------------------------------------------------------------------------------
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At S58, which can be phosphorylated in most isoforms, there was increased phosphorylation in DLB (39%) in the soluble fraction (Fig. [1](#acn3421-fig-0001){ref-type="fig"}B). There were no significant changes at S58 in the insoluble fraction (Fig. [1](#acn3421-fig-0001){ref-type="fig"}B). S185 phosphorylation (found in 14‐3‐3*β*,*ε*,*σ*, and *ζ*) was significantly increased in DLB by 44% in the soluble fraction (Fig. [1](#acn3421-fig-0001){ref-type="fig"}C). S185 phosphorylation in the insoluble fraction was significantly increased in ADLB by 30% (Fig. [1](#acn3421-fig-0001){ref-type="fig"}C).

Total soluble 14‐3‐3 levels are reduced in several neurodegenerative diseases {#acn3421-sec-0015}
-----------------------------------------------------------------------------

We also evaluated total 14‐3‐3*θ* and pan 14‐3‐3 protein levels across all diseases in Triton X‐100 soluble and insoluble fractions. The insoluble fraction showed significantly increased levels of 14‐3‐3*θ* in ADLB (35%), DLB (35%), and PSP (30%) (Fig. [2](#acn3421-fig-0002){ref-type="fig"}A). The soluble fraction showed significant decrease in levels of pan 14‐3‐3s in AD (34%), ADLB (35%), and DLB (36%) (Fig. [2](#acn3421-fig-0002){ref-type="fig"}B). Pan 14‐3‐3 levels in the insoluble fraction were elevated in AD by 19% (Fig. [2](#acn3421-fig-0002){ref-type="fig"}B).

![Soluble total 14‐3‐3 levels are reduced in AD,DLB, and ADLB brains. (A) Insoluble 14‐3‐3*θ* levels were significantly increased in DLB,ADLB, and PSP brain. 14‐3‐3*θ* was normalized to total protein loading as determined by EZBlue Protein Gel staining. *n* = 25 brains per group. (B) Soluble total 14‐3‐3s levels were significantly reduced in AD,DLB, and ADLB brains, and insoluble total 14‐3‐3s levels were increased in AD brains. Triton X‐100 soluble and insoluble fraction lysates of human temporal cortices were analyzed for pan 14‐3‐3 by western blot. Pan 14‐3‐3 was normalized to total protein loading as determined by EZBlue Protein Gel staining. *n* = 25 brains per group. \**P* \< 0.05, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001 compared to control (Dunnett\'s post hoc test). n.s.,nonsignificant.](ACN3-4-466-g002){#acn3421-fig-0002}

We performed linear regression to assess the influence of demographic factors, including age, gender, and apolipoprotein E (apoE) genotype, on all ten 14‐3‐3 measurements (pS232, pS58, pS185, total 14‐3‐3*θ*, and pan 14‐3‐3s in soluble and insoluble fractions). Disease group remained significant for nearly all 14‐3‐3 measures except for soluble 14‐3‐3*θ* and insoluble pS58, the 14‐3‐3 measures that were not significant in the univariate ANOVA analyses. Demographic factors were not significantly associated with 14‐3‐3 measures in the combined model, except that apoE remained significantly associated with soluble pan 14‐3‐3 levels (*P* \< 0.05). Age, while not achieving statistical significance possibly due to the restricted age range in these diseases of the elderly, was associated with S232 phosphorylation of 14‐3‐3*θ* in the insoluble fraction (*P* = 0.055), pointing to a potential independent role of age in S232 phosphorylation.

S232 phosphorylation of 14‐3‐3*θ* is associated with neurons {#acn3421-sec-0016}
------------------------------------------------------------

14‐3‐3 proteins are highly expressed throughout the brain, with high levels associated with neurons, but expression is also detected in glial cells and endothelial cells.[32](#acn3421-bib-0032){ref-type="ref"}, [33](#acn3421-bib-0033){ref-type="ref"}, [34](#acn3421-bib-0034){ref-type="ref"}, [35](#acn3421-bib-0035){ref-type="ref"}, [36](#acn3421-bib-0036){ref-type="ref"}, [37](#acn3421-bib-0037){ref-type="ref"} We performed immunohistochemistry on free‐floating sections from control brains and brains with both AD and PD pathology to determine which cell populations expressed 14‐3‐3s and S232 phosphorylation. Immunohistochemistry using a monoclonal antibody against pan 14‐3‐3s demonstrated diffuse expression throughout the temporal cortical sections from control brains (Fig. [3](#acn3421-fig-0003){ref-type="fig"}A--C). Pan 14‐3‐3 staining was predominantly found in the neuropil but staining of neuronal cell bodies was also noted, particularly in the hippocampus (Fig. [3](#acn3421-fig-0003){ref-type="fig"}A--C). Similar pan 14‐3‐3 immunoreactivity was noted in temporal cortical sections from brains with pathological diagnoses of both AD and PD (Fig. [3](#acn3421-fig-0003){ref-type="fig"}D--F). Immunohistochemistry using a monoclonal antibody against 14‐3‐3*θ* showed a similar pattern with diffuse staining in the neuropil and neuronal cell bodies in sections from control brains and brains with AD and PD pathology (Fig. [3](#acn3421-fig-0003){ref-type="fig"}G and H). Some control and disease brain sections also demonstrated 14‐3‐3*θ* immunoreactivity associated with blood vessels (Fig. [3](#acn3421-fig-0003){ref-type="fig"}I). Immunohistochemistry for pS232 14‐3‐3*θ* showed prominent staining associated with neurons and neuropil in control and AD‐PD brains (Fig. [3](#acn3421-fig-0003){ref-type="fig"}J and K). In addition, very intense, dark staining of neuritic‐like structures and neurons that appeared possibly degenerating was occasionally observed in sections from all five out of five AD‐PD brains examined (Fig. [3](#acn3421-fig-0003){ref-type="fig"}L); intense staining of neuritic‐like structures was very rarely observed in sections from only two out of five control brains, and this intense, dark neuronal staining was not noted in these five control brains. This finding suggests that pS232 may be associated with insoluble protein aggregates in disease brains.

![14‐3‐3 expression and S232 phosphorylation are associated with neuronal cell bodies and neuropil. (A--F) Immunohistochemistry against pan 14‐3‐3 proteins in temporal cortical sections reveals diffuse staining for pan 14‐3‐3s in the neuropil and neuronal cell bodies in cortex (A, B, D, E) and hippocampus (C, F) in control brains and brains with both AD and PD pathology. (G--I) 14‐3‐3*θ* staining is found in neurons and neuropil in both control (G) and disease (H) brain sections. Staining of cells within blood vessels (I) was also observed in some control and disease brain sections. (J--L) Staining for pS232 14‐3‐3*θ* in temporal cortex reveals strong immunoreactivity in neurons and some staining in neuropil in control brains (J) and in AD‐PD brains (K). Highly intense immunoreactivity is observed occasionally in neuritic structures and in neurons in AD‐PD brains (L; arrowheads point to intense neuronal staining; arrows point to intense neuritic structures). Scale bars = 100 *μ*m.](ACN3-4-466-g003){#acn3421-fig-0003}

S232 phosphorylation is associated with solubility of 14‐3‐3s {#acn3421-sec-0017}
-------------------------------------------------------------

Our western blot analysis showed that S232 phosphorylation was reduced in the soluble fraction but increased in the insoluble fraction in AD, ADLB, PD, and DLB, as emphasized by the ratio of soluble pS232 to insoluble pS232 in these disorders (Fig. [4](#acn3421-fig-0004){ref-type="fig"}A). In these same disorders, we observed a reduction in soluble pan 14‐3‐3 levels (Fig. [2](#acn3421-fig-0002){ref-type="fig"}B). We examined whether S232 phosphorylation was associated with soluble pan 14‐3‐3 levels. Lower log soluble/insoluble pS232 ratios, pointing to higher pS232 in the insoluble fraction, were associated with lower soluble pan 14‐3‐3 levels in a model unadjusted for disease group (Fig. [4](#acn3421-fig-0004){ref-type="fig"}B). Similar associations between the log of soluble/insoluble pS232 ratios and soluble pan 14‐3‐3 levels were also observed for each disease group except for PSP (Table [S1](#acn3421-sup-0003){ref-type="supplementary-material"}). This association suggests that S232 phosphorylation could underlie the insolubilization of 14‐3‐3s.

![Soluble/insoluble pS232 ratios correlate with soluble 14‐3‐3 levels. (A) The ratio of soluble pS232 to insoluble pS232 14‐3‐3*θ* was significantly reduced in PD,AD,ADLB, and DLB brains. *n* = 25 brains per group. \**P* \< 0.05, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001 compared to control (Dunnett\'s post hoc test). (B) Lower soluble to insoluble pS232 ratios were correlated with lower soluble pan 14‐3‐3 levels. Pearson correlation was performed to test the association between the log soluble/insoluble pS232 ratio and soluble pan 14‐3‐3 levels. *n* = 150.](ACN3-4-466-g004){#acn3421-fig-0004}

S232 phosphorylation is associated with clinical and pathological severity {#acn3421-sec-0018}
--------------------------------------------------------------------------

We next tested whether S232 phosphorylation or soluble 14‐3‐3 levels were associated with disease severity, as measured by clinical or pathological scores. We first examined whether the soluble to insoluble pS232 ratio or soluble pan 14‐3‐3 levels correlated with either the motor United Parkinson\'s Disease Rating Scale (UPDRS) or the Mini Mental Status Examination (MMSE) score. "Off" motor UPDRS score did not correlate with either 14‐3‐3 measure, whether unadjusted or adjusted for disease group. Of note, "off" motor UPDRS scores were available in only 68/150 subjects (45%). Higher MMSE scores correlated with higher log soluble pS232/insoluble pS232 ratios and with higher soluble pan 14‐3‐3 levels in a model unadjusted for group (Fig. [5](#acn3421-fig-0005){ref-type="fig"}).

![Soluble/insoluble pS232 ratio and soluble pan 14‐3‐3s levels correlate with MMSE scores. (A) Lower soluble to insoluble pS232 ratios were correlated with lower MMSE scores. Pearson correlation was performed to test the association between the log pS232 ratio and MMSE scores across all brains from which last MMSE score was documented prior to death. *n* = 118. (B) Lower soluble pan 14‐3‐3 levels were correlated with lower MMSE scores. Pearson correlation was performed to test the association between soluble pan 14‐3‐3 levels and MMSE scores across all brains from which last MMSE score was documented prior to death. *n* = 118. Mini MMSE, Mental Status Examination.](ACN3-4-466-g005){#acn3421-fig-0005}

We also examined whether the soluble/insoluble pS232 ratio or soluble pan 14‐3‐3 levels correlated with plaque density, tangle density, and Lewy‐related histopathology scores, using Spearman\'s rank correlation analysis. In a model unadjusted for group, lower log soluble pS232/insoluble pS232 ratios correlated modestly with higher temporal plaque density (*r* = −0.32, *P* \< 0.0001), higher temporal tangle density (*r* = −0.35, *P* \< 0.0001), and higher temporal Lewy‐related density scores (*r* = −0.26, *P* = 0.0014). Lower soluble pan 14‐3‐3 levels also correlated with higher temporal plaque density (*r* = −0.41, *P* \< 0.0001), higher temporal tangle density (*r* = −0.45, *P* \< 0.0001), and higher temporal Lewy‐related density scores (*r* = −0.26, *P* = 0.0012). We also measured phospho‐S129 *α*syn levels in the insoluble brain lysates by western blot as a separate measure of *α*syn pathology and A*β*42 levels in the insoluble brain lysates by ELISA as a separate measure of A*β* pathology. Higher insoluble pS129 *α*syn levels similarly correlated modestly with lower log soluble pS232/insoluble pS232 ratios (*r* = −0.29, *P* = 0.0012) and with lower soluble pan 14‐3‐3 levels (*r* = −0.28, *P* = 0.0021). Higher insoluble A*β*42 levels correlated modestly with lower log soluble pS232/insoluble pS232 ratios (*r* = −0.23, *P* \< 0.0001) and with lower soluble pan 14‐3‐3 levels (*r* = −0.39, *P* \< 0.0001). These data suggest that aggregation‐related pathology may promote 14‐3‐3 insolubilization or that lower soluble pan 14‐3‐3s promotes aggregation of other neurodegeneration‐related proteins.

Discussion {#acn3421-sec-0019}
==========

In this study, we examined the phosphorylation state of three conserved sites on 14‐3‐3s in postmortem temporal cortex of control, PD, AD, ADLB, DLB, and PSP subjects. We found that the S232 phosphorylation of 14‐3‐3*θ* was dramatically decreased in the soluble fraction but increased in the insoluble fraction in PD, AD, ADLB, and DLB brains. S185 phosphorylation was increased in DLB brains in the soluble fraction and increased in the insoluble fraction of ADLB brains. S58 phosphorylation was increased only in DLB brains in the soluble fraction. No phosphorylation changes at any site were observed in PSP samples. Additionally, pan 14‐3‐3 levels were significantly decreased for AD, ADLB, and DLB brains in the soluble fraction, while in the insoluble fraction, pan 14‐3‐3 levels were significantly increased in AD. 14‐3‐3*θ* levels were also increased in the insoluble fraction in ADLB, DLB, and PSP brains, suggesting that 14‐3‐3*θ* may be preferentially insolubilized.

High levels of 14‐3‐3s are primarily expressed in neurons, but expression of 14‐3‐3s is detectable in non‐neuronal populations, including glial and endothelial cells.[32](#acn3421-bib-0032){ref-type="ref"}, [33](#acn3421-bib-0033){ref-type="ref"}, [34](#acn3421-bib-0034){ref-type="ref"}, [35](#acn3421-bib-0035){ref-type="ref"}, [36](#acn3421-bib-0036){ref-type="ref"}, [37](#acn3421-bib-0037){ref-type="ref"} As our western blot analysis cannot distinguish whether 14‐3‐3s were associated with neurons or other non‐neuronal cells, we performed immunohistochemistry for 14‐3‐3s on sections from control brains and brains with both AD and PD pathology. Immunoreactivity against pan 14‐3‐3s was found predominantly in the neuropil and in neuronal cell bodies in control and diseased brains, although staining of non‐neuronal cells could not be excluded. 14‐3‐3*θ* immunoreactivity was also found in neurons and neuropil in sections from control and disease brains, and some control and PD‐AD brain sections also demonstrated immunoreactivity associated with blood vessels. This immunoreactivity may be localized to red blood cells, as the staining was limited to non‐nucleated cells within vessel lumen. PS232 immunoreactivity was most prominently associated with neurons and to a lesser degree with neuropil. Additionally, in sections from all five diseased brains, we observed occasional but very intense staining of neuritic processes and neuronal cell bodies that resembled protein‐aggregate‐like pathology. Intense neuritic staining was very rarely noted in sections from only two out of five control brains. This staining pattern is consistent with our western blot data in which S232 phosphorylation is associated with insoluble protein fractions. Overall, our immunostaining studies suggest that the changes in pS232 and soluble pan 14‐3‐3s are most likely related to neuronal alterations in 14‐3‐3s, although contribution from glial or endothelial cells cannot be ruled out.

A key finding of our study was the clear decrease in pS232 in the soluble fraction with a converse increase in pS232 in the insoluble fraction for diseases associated with Lewy body or Alzheimer pathology. The ratio of soluble to insoluble pS232 (Fig. [4](#acn3421-fig-0004){ref-type="fig"}A) highlights a redistribution of phosphorylated 14‐3‐3*θ* at S232 into the insoluble fraction. This dramatic change in S232 phosphorylation among several neurodegenerative diseases suggests that this phosphorylation site is of pathological significance in neurodegeneration. We have previously shown that S232 phosphorylation is altered in PD models: *α*syn overexpression induces increased S232 phosphorylation, and rotenone causes a biphasic response with an initial increase followed by a decrease in S232 phosphorylation.[31](#acn3421-bib-0031){ref-type="ref"} Increased S232 phosphorylation is associated with loss of neuroprotective function in in vitro PD models: the phosphomimetic S232D mutant failed to protect against rotenone or MPP^+^ toxicity, while the nonphosphorylatable S232A mutant showed increased neuroprotection compared to wildtype 14‐3‐3*θ* [31](#acn3421-bib-0031){ref-type="ref"}. Based on our previous work[31](#acn3421-bib-0031){ref-type="ref"}, we predict that changes in pS232 observed in these human brains contribute to neuronal loss in these disorders.

Our data also suggest that the S232 phosphorylation site could serve as a regulatory site for the solubility of 14‐3‐3s. We found that the ratio of soluble pS232 to insoluble pS232 correlated strongly with soluble 14‐3‐3 levels (Fig. [4](#acn3421-fig-0004){ref-type="fig"}B). The lower the soluble to insoluble pS232 ratio (equivalent to higher insoluble pS232 relative to soluble pS232), the lower the soluble 14‐3‐3 levels are. This correlation points to the possibility that S232 phosphorylation regulates 14‐3‐3 solubility. As 14‐3‐3s become phosphorylated at S232, it may partition more into the detergent insoluble fraction, thus resulting in lower levels of soluble 14‐3‐3s. Our cross‐sectional data cannot point to whether phosphorylation or insolubilization occurs first, so the question remains if S232 phosphorylation causes 14‐3‐3s to partition into the insoluble fraction or if 14‐3‐3s are phosphorylated at serine 232 because they are associated with insoluble aggregates. Of note, we observed insolubilization of several 14‐3‐3 isoforms while S232 phosphorylation is specific to 14‐3‐3*θ*. As 14‐3‐3*θ* can heterodimerize with other isoforms[38](#acn3421-bib-0038){ref-type="ref"}, [39](#acn3421-bib-0039){ref-type="ref"}, [40](#acn3421-bib-0040){ref-type="ref"}, these findings suggest that increased S232 phosphorylation of 14‐3‐3*θ* may be sufficient to drive insolubilization of other isoforms through heterodimerization.

Insolubility of 14‐3‐3s is critical as only the soluble form of 14‐3‐3s is likely biologically active. Given 14‐3‐3s' key role in cell survival, low levels of soluble, and thus functional, 14‐3‐3s would be predicted to promote neuronal loss. Inhibition of 14‐3‐3s promotes cell loss in several PD models, while overexpression of 14‐3‐3s, in particular 14‐3‐3*θ*, reduces toxicity in several PD models.[5](#acn3421-bib-0005){ref-type="ref"}, [15](#acn3421-bib-0015){ref-type="ref"}, [16](#acn3421-bib-0016){ref-type="ref"}, [17](#acn3421-bib-0017){ref-type="ref"} 14‐3‐3s also impact neurite growth, spine density, and cognitive function: a functional 14‐3‐3 knockout demonstrates reduced dendritic length and spine numbers, reduced impaired long‐term potentiation, and abnormalities in contextual fear conditioning.[5](#acn3421-bib-0005){ref-type="ref"}, [41](#acn3421-bib-0041){ref-type="ref"}, [42](#acn3421-bib-0042){ref-type="ref"} The loss of soluble 14‐3‐3s observed here may contribute to synapse loss and cognitive decline. Consistent with this, we observed a correlation between soluble 14‐3‐3 levels and MMSE scores. Another consequence of reduced soluble 14‐3‐3 levels is impairment of 14‐3‐3s' chaperone function.[2](#acn3421-bib-0002){ref-type="ref"}, [43](#acn3421-bib-0043){ref-type="ref"}, [44](#acn3421-bib-0044){ref-type="ref"} As several of 14‐3‐3s' interactors include key aggregation‐prone proteins implicated in neurodegeneration, such as *α*syn or A*β*, loss of soluble 14‐3‐3s and thus loss of chaperone function could promote aggregation and insolubilization of these proteins. Indeed, 14‐3‐3s reduce *α*syn fibrillization, but this chaperone function can be overcome when 14‐3‐3 levels are low relative to *α*syn.[43](#acn3421-bib-0043){ref-type="ref"} Consistent with this idea, we did observe that lower soluble pan 14‐3‐3 levels correlated with higher *α*syn‐related tangle, or plaque pathology, suggesting that aggregation‐related pathology is associated with 14‐3‐3 insolubilization. From our cross‐sectional data, we cannot know whether lower soluble 14‐3‐3s or increased Lewy body or Alzheimer pathology occurred first; therefore, it is possible that *α*syn or A*β* aggregation causes sequestration and insolubilization of 14‐3‐3s and/or that lower soluble 14‐3‐3s promotes further aggregation of A*β* and *α*syn.

14‐3‐3s role in neurodegeneration may not be simply protective in all neurodegenerative disorders. It is alternatively possible that 14‐3‐3s could promote neurodegeneration under certain conditions. Previous studies have shown that 14‐3‐3*ζ* can bind tau and promote tau phosphorylation and aggregation in vitro.[22](#acn3421-bib-0022){ref-type="ref"}, [45](#acn3421-bib-0045){ref-type="ref"}, [46](#acn3421-bib-0046){ref-type="ref"}, [47](#acn3421-bib-0047){ref-type="ref"} In this scenario, the reduction in 14‐3‐3 soluble levels that we observed could be compensatory in order to reduce any pro‐aggregation effect that 14‐3‐3s may have on tau or other proteins.

Besides S232, we also evaluated phosphorylation at S58 and S185, two other conserved 14‐3‐3 phosphorylation sites. We observed subtle but significant alterations in S58 and S185 phosphorylation in DLB and/or ADLB brains. The lack of changes at these two other sites in most diseases examined suggests that only S232 phosphorylation serves as a common mechanism for neurodegeneration. However, these data imply that these other phosphorylation changes could be specific to DLB pathophysiology, and that S185 and S58 phosphorylation could possibly distinguish DLB from other neurodegenerative disorders that can be difficult to distinguish clinically, particularly early in the disease course.

We did not observe any changes in 14‐3‐3s in PSP for the most part. This suggests that 14‐3‐3 does not play a role in PSP pathophysiology. This disorder is quite distinct clinically and pathologically from those disorders marked by *α*syn or plaque pathology. It should be noted that we had access to only temporal cortex samples for analysis. Therefore, the lack of changes in pS232 observed in PSP and the milder change in PD brains could be secondary to the brain region examined in our study and not necessarily reflective of the pathological changes observed in the disorder itself. Sampling of different brain regions, such as the substantia nigra, may have revealed more prominent S232 changes in PD or PSP. It is also possible that a more dramatic phenotype in temporal cortical samples may have been noted if obtained from brains at later stages of disease.

We used postmortem temporal cortical tissue for our 14‐3‐3 analyses. If similar changes are detectable in more easily accessible biospecimens, including CSF and plasma, 14‐3‐3 phosphorylation has the potential as a biomarker for neurodegeneration. Measurement of 14‐3‐3s in CSF has been used clinically as a diagnostic biomarker for Creutzfeldt‐Jakob Disease (CJD), although recent studies have demonstrated that the specificity for CJD is lower than initially thought.[48](#acn3421-bib-0048){ref-type="ref"}, [49](#acn3421-bib-0049){ref-type="ref"}, [50](#acn3421-bib-0050){ref-type="ref"}, [51](#acn3421-bib-0051){ref-type="ref"} However, this body of research has demonstrated that 14‐3‐3 measurements in CSF are reliable and stable in patients, and can help with diagnosis in the right clinical context.[48](#acn3421-bib-0048){ref-type="ref"}, [49](#acn3421-bib-0049){ref-type="ref"} Further evaluation of 14‐3‐3 phosphorylation in CSF and plasma is indicated for these disorders.

In conclusion, S232 phosphorylation and soluble 14‐3‐3 levels are altered in neurodegenerative disorders associated with Lewy body or Alzheimer\'s pathology. This phosphorylation change may underlie the insolubilization of 14‐3‐3 proteins observed in these disorders, and loss of 14‐3‐3 function may make a critical contribution to the pathophysiology of these diseases.
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**Figure S1.** Representative western blot images of brain lysates probed for phosphorylated 14‐3‐3s and total 14‐3‐3s.
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**Figure S2.** Immunohistochemistry of control brain sections without primary antibodies.
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**Table S1.** Correlation between soluble/insoluble pS232 and soluble pan 14‐3‐3 levels within a given disease group.
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